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Retaining rings are assembled onto each end of electric generator 
rotors to support the rotor end-turn windings against rotational forces. 
They are attached to the ends of the slotted portion of the rotor body 
with an interference fit. Many of the rings presently in service are 
susceptible to intergranular stress corrosion cracking (IGSCC) in the 
presence of moisture. IGSCC seems to occur first, and tends to be more 
severe, at stress concentrations in the rings and adjacent to geometric 
discontinuities in the mating rotor surface, such as, the edges of the 
rotor teeth. These same geometric features also tend to cause 
ultrasonic reflections that are difficult to discriminate from real 
damage. The capability of SAFT processing of TOFD data to discriminate 
IGSCC from geometric reflectors was investigated using several retired 
retaining rings assembled to mandrels simulating the generator rotor. 
EXPERIMENTAL PROGRAM 
A retaining ring testbed was built to provide realistic field-
simulated test conditions. The testbed includes several retired 
retaining rings of various configurations, and shrink-fit mandrels for 
three of the rings. The mandrels contain the same slot/tooth 
geometries as the actual rotors and are machined to the correct 
diameters to effect the same interference fits. Artificial planar 
reflectors, in the form of electrical discharge machined (EDM) notches, 
were inserted in the rings at the locations of preferential attack. 
Natural IGSCC were introduced into one of the mock-ups by exposing it to 
moisture after the ring was assembled to the mandrel. 
Ultrasonic Imaging 
Removal of retaining rings from the rotor for inspection is 
undesirable because of the labor involved and the potential for 
damaging the rings or other rotor components in the process. With the 
rings in place, only ultrasonic techniques are useful for testing the 
critical area around the shrink fit surface. However, the magnitude of 
the interference fit is sufficient to allow the ultrasound to penetrate 
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the rotor interface where the same discontinuities that cause 
significant reflections also lead to preferential corrosion attack. 
Ultrasonic test development efforts have been hindered by the difficulty 
of discriminating defect reflections from these "form" or geometric 
reflections. 
Although some variations have been attempted, one method currently 
employed for in situ retaining ring examination involves 45 degree shear 
wave interrogation, performed in a pulse-echo mode and presented as a 
B-scan image [1]. The target reflection "walks" through the waveform 
data window, because of the dynamic interaction of travel time and 
transducer location. Ultrasonic B-scan images are developed by 
stacking the individual A-scan waveforms in a two dimensional plane, 
where one of the dimensions represents the scan direction and the other 
dimension represents wave travel time or material depth along the beam 
axis. Signal strength along the waveform is represented by either gray 
tones, in a black-and-white display, or color scales in a color 
presentation . The B-scan image of a reflector contains a series of 
target motion lines, whose shading is determined by the echo dynamic 
response. 
Figure 1 shows the B-scan image and Figure 2, the corresponding 
cross-section of a retaining ring with an artificial EDM notch at the 
edge of a rotor tooth . The vertical axis in the B-scan represents the 
metal path along the beam axis, and the horizontal axis represents the 
circumferential position around the ring. The streaks of higher 
amplitude data (i.e. the lighter and darker areas of the B-scan) are 
the target motion lines for the EDM notch and the geometric reflectors 
in the rotor tooth. The cross-section in Figure 2 depicts an axial 
view of how close in time and space, the various geometric tooth 
reflectors are to the EDM notch. The reflectors are close enough to 
each other that their target motion lines in the B-scan image overlap 
to some extent, making it difficult to discriminate them based on time 
andjor amplitude. The particular design of a rotor determines the 
number and proximity of geometric reflectors that will be observed in 
an examination for tooth edge defects. 
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Fig . 1. B-scan image of a notch at a rotor tooth edge using 
45 degree, pulse-echo, shear wave interrogation. 
Time-of-Flight Diffraction 
The time-of-flight diffraction (TOFD) method relies on the 
detection of waves diffracted by the sharp tips of defects and the 
accurate measurement of the time differences of the two signals 
diffracted by the ends of a crack, to estimate crack size [2]. In the 
case of a crack growing from the backwall, the difference between the 
travel time of the crack tip and the backwall reflection is the 
critical measurement. A longitudinal mode is recommended so that the 
signals of interest, those from the crack tip and backwall, arrive 
before any mode-converted signals, thereby simplifying interpretation. 
For the case of longitudinal mode interrogation, an inspection angle of 
approximately 60 degrees is recommended as the optimum angle for 
obtaining the maximum tip diffracted signal [2]. 
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Fig. 2. Cross-section, axial view of 45 degree shear wave examination 
of a flawed tooth edge, showing the various geometric 
reflections. 
The Zipscan test system, manufactured by Sonomatic Limited, was 
used for the experiments conducted during the investigation. One of 
the operating modes of this system is specifically designed for the 
detection of crack tip signals using the TOFD technique. One of the 
software routines resident in the Zipscan system executes the synthetic 
aperture focussing technique (SAFT) on raw TOFD data. This 
inves tigation was conducted using t he pres cribed 60 degree longitudinal 
waves and the Zipscan SAFT reconstruction was employe d to significantly 
enhance the clarity of the TOFD images. 
The TOFD method uses two transducers, with one operating as the 
transmitter and the other acting as the receiver. The transducers are 
aimed circumferentially from opposite directions at the area of 
interest, as shown in Figure 3, and are held in a f ixture and scanned 
circumf erentially as a unit . Figure 3 is a three dimensional 
representation of the shrink-fit lands of a retaining ring with an 
axial flaw on the rotor side of the key way. 
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Fig. 3. Three dimensional representation of the transducer arrangement 
for a circumferential TOFD scan of an axial flaw on the shrink-
fit land of a retaining ring. 
Figure 4 is a cross-sectional view of the ring indicating that 
this flaw is situated at the edge of a tooth. The successive panels in 
the figure show the time evolution of the signals emanating from the 
transmitter for a fixed position of the transmitter/receiver unit in a 
scan past the flawed tooth edge. In the first panel (a), the incident 
wave has reflected off the backwall and is just about to strike the tip 
of the flaw. The first signal to arrive at the receiver is the portion 
of the incident wave that travels in a straight line from the 
transmitter, and is know as the lateral wave. In the second panel (b), 
the lateral wave has arrived at the receiver, ahead of the diffracted 
wave emanating from the tip of the flaw. In the last panel (c), the 
diffracted wave arrives just before the reflected wave for this position 
of the transmitter/receiver unit. The figure indicates how the 
difference in arrival time of the tip diffracted and backwall reflected 
waves varies with position of the transducer unit, as it is scanned pas t 
a flaw. The maximum difference occurs when the transmitter and receiver 
are equidistant to the flaw. Since most of the tooth geometry 
reflections are specular, i. e. the reflected energy returns in the 
general direction of the transmitter, they are not detected by the 
receiver transducer in the TOFD configuration. This eliminates many of 
the confusing reflection patterns found in standard 45 degree shear wave 
examination (see Figure 1) and eases image interpretation. 
Figure 5 shows (a) the raw TOFD B-scan, together with (b) the SAFT 
reconstructed image of the data, from a section of a retaining ring 
containing an axial EDM notch, located at a tooth edge. Again, the 
vertical axis in the B-scan represents the metal path and the 
horizontal axis represents the circumferential position around the 
ring. The horizontal light-dark-light streak at the top of the B-scan 
is the lateral wave signal; the series of arcs and streaks just below 
this are the longitudinal wave tip diffracted and backwall reflected 
signals, respectively; and the streaks at the bottom are the mode-
converted signals from the backwall. In the SAFT image, the 
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Fig. 4. Cross-section, axial views of TOFD examination of a flawed 
tooth edge. The successive panels show the time evolution 
of the signals emanating from the transmitter for a fixed 
position of the transducers . Note, the tip diffracted 
signal arrives before the backwall reflection. 
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longitudinal wave backwall or inner surface reflection appears to 
undergo a phase shift when reflected from the slotted portion, relative 
to signals reflected from the part that is fit to a tooth. Therefore, 
the slot/tooth configuration of the rotor beneath the shrink-fit is 
clearly defined in the image. This provides a distinct advantage in 
maintaining an accurate coordinate reference for tracing the locations 
of significant indications. Of even greater significance is the clarity 
of the notch in the SAFT image. 
Additional tests were conducted to determine the ability of the 
TOFD technique to find natural IGSCC in generator retaining rings. The 
IGSCC were grown in a ring assembled to a mandrel by immersing the 
shrink-fit portion in oxygenated water. After repeated periods of 
immersion, circumferential cracking was detected [3] at the transition 
from the shrink-fit land and the body of the retaining ring (See 
Figure 6). Cracking often occurs first at this transition because of 
the extremely high bending stresses at this location. This particular 
ring had been retired because of circumferential cracking and a repair 
had been attempted which involved enlarging the radius by about 1/Sth 
inch (3.175mm) to remove cracking at the transition. Figure 6 (a) shows 
the radiused transition with a circumferential crack growing out of it. 
Figure 6 (a) also shows the arrangement of the TOFD transducers for 
obtaining both the crack profile and the TOFD data for a SAFT 
reconstructed image of the crack. The transducers are aimed axially 
from opposite directions at the area of interest and scanned 
circumferentially, for the crack profile (solid curve transducer paths ); 
and axially, for the SAFT data (dashed curve). Figure 6 (b) shows the 
B-scan image of the crack profile. The dark-light-dark lateral wave at 
the top of the image is followed by two sets of light-dark-light streaks 
from the radius and the back of the shrink-fit land, respectively. The 
slot/tooth configuration is evident in the signal reflected from the 
shrink-fit land. The profile of the circumferential crack can be seen 
in the area above the slot/tooth image. 
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(a) (b) 
Fig. 5. (a) Raw TOFD B-scan data and (b) SAFT reconstructed image 
of an axial EDH notch located at a tooth edge. 
(a) 
(c) 
Fig. 6 . (a) Transducer arrangement for TOFD data on a circumferential 
crack in a retaining ring. (b) Crack profile obtained with 
transducer scanned circumferentially (solid curve paths) . 
(c) Raw TOFD B-scan and SAFT reconstructed image of crack from 
axial scan (dashed curve path). 
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Figure 6 (c) shows the raw TOFD B-scan, together with the SAFT 
reconstructed image of the data for an axial scan of the crack. The 
lateral wave at the top of the B-scan appears discontinuous at the 
point where the receiving transducer is scanned over the transition 
from taper to rotor body (See Figure 6). Moving from left to right in 
the B-scan, the trailing edge of the key way signal is followed by the 
shrink-fit land reflection together with the sweeping arc response from 
the radius which is interrupted by the tip diffracted signal from the 
crack. The shrink-fit land appears sloped in the SAFT reconstruction 
because the transmitter is moving up the rotor taper, increasing the 
metal path to the backwall. The end of the shrink-fit land, the 
radiused transition, and the crack response are laid out like steps in a 
stair case in the SAFT image. This location for the image of the 
circumferential crack indicates that it is growing out of the radius at 
a 45 degree angle, or exactly along the maximum tensile stress axis. 
CONCLUSIONS 
The SAFT images of flaws in the generator retaining rings have 
been found easy to interpret. In experiments conducted to date, the 
results have been encouraging that the TOFD method may have some 
utility in resolving a crack located adjacent to a geometric reflector. 
This study has led to a degree of optimism concerning the possibility 
that SAFT images of TOFD data may provide reliable detection and sizing 
of IGSCC in generator retaining rings. It is not inconceivable that the 
final product for use in appraising the condition of nonmagnetic 
retaining rings may involve a preliminary detection scan supplemented by 
TOFD techniques that enable reliable identification and sizing of the 
source of an indication. A more-or-less conventional shear 
interrogation, coupled to a good imaging system, can serve as a 
screening test to identify questionable areas. The time-of-flight 
diffraction technique appears promising in terms of its ability to 
identify the source of otherwise questionable signals. 
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